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Modern thermodynamic theories can be used to study highly complex quantum dynamics. Here,
we experimentally demonstrate that the violation of thermodynamic constraints allows to detect
the coupling of a quantum system to a hidden environment. By using the IBM quantum super-
conducting processors, we perform thermodynamic tests to detect a qubit environment interacting
with a system composed of up to four qubits. The only information required for these tests consists
of measurements of expectation values in the energy basis. We show that thermodynamic tests
based on global passivity and passivity deformation can have higher detection sensitivity than the
standard second law.
In recent years various thermodynamic theoreti-
cal frameworks (frameworks, hereafter) for microscopic
and/or quantum systems have been formulated and in-
vestigated. Apart from the more traditional approach
based on master equations for open quantum systems
[1], these frameworks include stochastic thermodynam-
ics [2, 3], thermodynamic resource theory [4–8], and sev-
eral proposals that strongly emphasize the connection
between thermodynamics and information theory [9–18].
Quantum thermodynamics binds together the thermo-
dynamic frameworks that are consistent with quantum
dynamics [11, 16–18].
Much like the standard Clausius formulation of the sec-
ond law, each thermodynamic framework sets limitations
on the transformations that a physical system can un-
dergo. These limitations stem from assumptions about
the allowed dynamical protocols, which may vary for dif-
ferent frameworks. For example, while the majority of
frameworks allow external drivings that involve some ex-
change of work, the resource theory approach is based
on transformations that preserve the total energy of the
system and the thermal bath [6]. In this way, different
limitations lead to thermodynamic relations (in the form
of equalities or inequalities) that must be obeyed by any
device operating under the established constraints. On
the other hand, the violation of such relations clearly
implies that some assumption on the dynamics is not
valid. Here, we apply this “information from violation”
principle to evaluate the behavior of devices whose cor-
rect operation demands sufficient isolation from external
environments. Emerging quantum technologies such as
quantum computers and quantum simulators fall within
this category. By employing the Melbourne and Essex
processors available through the IBM Quantum Expe-
rience (IBMQE) platform, we experimentally show that
the violation of different thermodynamic constraints can
diagnose a non-unitary evolution.
In particular, the Clausius-Linblad inequality [13, 19]
and fluctuation theorems [20] are relevant for the task
at hand, since both represent thermodynamic relations
that are valid for arbitrary unitary dynamics. Fluctua-
tion theorems and thermodynamic uncertainty relations
have been exploited to analyze the performance of the D-
Wave machine [21, 22]. In this respect, it is important to
remark that fluctuation theorems typically rely on a two-
point measurement scheme that involves measurement of
an initial observable, evolution of the resulting eigenstate,
and measurement of a final observable for each possible
(measured) initial eigenstate [20]. Accordingly, a sam-
pling of individual trajectories connecting initial and final
eigenstates underlies the experimental verification of a
fluctuation theorem. On the other hand, our experimen-
tal tests are based on the thermodynamic bounds derived
in the frameworks of global passivity [23] and passivity
deformation [24]. Similarly to the Clausius-Linblad in-
equality, these bounds can be expressed as variations in
the expectation value of observables, and do not require
trajectory information. Moreover, global passivity and
passivity deformation provide not only one but an infi-
nite family of thermodynamic relations that in turn give
rise to an infinite family of tests.
Consider a multipartite system prepared in the prod-
uct of thermal states
ρs = ⊗i e
−βiHi
Tr (e−βiHi)
, (1)
whereHi and βi denote respectively the Hamiltonian and
inverse temperature of the ith subsystem. For any cyclic
unitary evolution Us (such that the initial and final total
Hamiltonian is
∑
iHi), the Clausius-Linblad inequality
reads [25] ∑
i
βi∆ 〈Hi〉 ≥ 0, (2)
where ∆ 〈Hi〉 = Tr[Hi(UsρsU†s − ρs)] is the average en-
ergy variation for the ith subsystem. A violation of
this inequality indicates the tampering of some external
agent, e.g. a Maxwell demon or the interaction with an
unaccounted environment e [23].
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2The inequality (2) can be rewritten as ∆ 〈B〉 ≥ 0, using
the observable B ≡ −ln(ρs) =
∑
i βiHi. The global pas-
sivity constraints can also be applied to initial states of
the form (1), and refer to “passive observables” F , which
satisfy
1. [F ,B] = 0,
2. The eigenvalues of F are obtained by applying a
non-decreasing function f to the eigenvalues of B.
The corresponding constraints take the form
∆
〈F〉 = Tr[F(UsρsU†s − ρs)] ≥ 0. (3)
In particular, consider the set {Fα,δ} ≡ {(B − δI)α},
where α is a positive real number and I is the identity
operator. Denoting the eigenvalues of B as Bi, with Bi ≤
Bi+1, an observable Fα,δ is passive if the shift δ is such
that (Bi − δ)α ≤ (Bi+1 − δ)α for all i (note also that
B = F1,0).
It is important to remark that the global passivity in-
equalities are valid for arbitrary mixtures of unitaries∑
i qiU
(i)
s (·)U (i)†s , where 0 ≤ qi ≤ 1 and
∑
i qi = 1.
Therefore, the violation of a global passivity constraint
requires that the final system state ρ′s cannot be written
as ρ′s =
∑
i qiU
(i)
s (ρs)U
(i)†
s . We characterize transforma-
tions ρs → ρ′s of this kind as “heat leaks”. As illustrated
in Fig. 1(a), heat leak detection using global passivity in-
equalities constitutes a “black box” test, since the details
of the evolution need not be known.
Our experiments involve a preparation stage and an
evolution stage. In the preparation stage the total sys-
tem is initialized in the state ρse = ρs ⊗ ρe, where
ρs = ⊗i e−βiHiZi , and ρe = e
−βeHe
Ze
is a thermal state of
the environment at inverse temperature βe. In the evo-
lution stage a global unitary Use is applied on ρse, which
includes a system-environment interaction aimed to in-
duce a heat leak. By measuring the final system state ρ′s
in the energy basis, the heat leak is observed if a viola-
tion Tr[F(ρ′s − ρs)] < 0 occurs for at least one passive
observable F .
For the experiments performed with the Melbourne
processor, the preparation and evolution stages are il-
lustrated in Fig. 1(b). In this case we study a heat leak
acting on a four-qubit system, due to the coupling with
a single-qubit environment. The ith qubit in the system
has Hamiltonian Hi = |1〉i〈1|, where |1〉i is the excited
state in the corresponding computational basis (setting
the ground energy equal to zero). The total Hamiltonian
of the system is simply Hs =
∑12
i=9Hi. Accordingly,
energy measurements are associated to measurements in
the four-qubit computational basis {⊗12i=9|j〉i}j=0,1. By
default, all the qubits in the processor start in the ground
state. This implies that direct preparation of mixed
states is not possible. We circumvent this limitation by
employing the qubits 3-6 and 13 as ancillae, to prepare
Figure 1. (a) Thermodynamic tests based on the Clausius-
Linblad inequality and global passivity operate as black box
tests. This means that not only the heat leak source can
be unknown to the experimenter, but also the evolution that
would take place without the heat leak. The effect of the joint
dynamics can be described as a generic CPTP map E . (b)
The experiments implemented with the Melbourne processor
involve ten qubits. For the preparation stage Ry rotations by
angles θ < pi/2 are applied to the qubits 3-6 and 13, which
are then entangled with the system qubits (9-12) and the en-
vironment (qubit 8). After this circuit the system and the
environment are left in states ρs ∼ ρ9 ⊗ ρ10 ⊗ ρ11 ⊗ ρ12 and
ρe = ρ8, where ρ8≤i≤12 are thermal states at inverse tempera-
tures βi. The circuit for the evolution stage contains internal
system gates and two cnots with the environment that gen-
erate the heat leak. In practice, this evolution results in a
non-ideal transformation ρ′s = E˜s(ρs), that includes also in-
ternal errors. The tests for heat leak errors only require to
measure the initial and final expectation values Tr(Fρs) and
Tr(Fρ′s).
the initial mixed state ρse. The procedure is indicated in
Fig 1(b).
The IBMQE processors are subjected to gate errors
and readout errors. In the case of the Melbourne proces-
sor, the employment of cnot gates for the preparation and
the evolution introduces significant deviations from the
ideal circuits. However, we certify that the initial state
ρs is well approximated by a product of thermal states
with ground populations (with p(i)0 the ground popula-
tion of qubit i) p(12)0 = 0.612, p
(11)
0 = 0.586, p
(10)
0 = 0.611,
p
(9)
0 = 0.557, and that the environment is prepared in a
thermal state ρe with ground population pe0 = 0.782 (see
Supplemental Material [26] for further details). Since ρs
is compatible with Eq. (1), its deviation from the initial
state programmed in the IBMQE software interface is ir-
relevant for the task of heat leak detection. To obtain
the populations of ρs and ρe, the readout error is mod-
3Figure 2. Heat leak tests performed in the Melbourne proces-
sor. (a) All the histograms depict measured system popula-
tions, averaged over the ten batches of preparation or evolu-
tion stages (each number 1 ≤ i ≤ 16 labels the same eigen-
state in all histograms). The top left histogram shows the
initial populations, sorted in decreasing order. The lower his-
togram shows the final populations when the environment
coupling is switched on. If the environment is decoupled the
final populations shown in the top right histogram are ob-
tained. As expected, in this case no heat leak is observed us-
ing the test ∆ 〈F3,δ〉 = ∆
〈
(B − δI)3〉 (red dashed line), within
a confidence interval of three standard deviations (shaded re-
gion). (b) When the environment is coupled, the same test
yields detection in the interval 1.8 . δ . 2.6 (same color cod-
ing of (a)). The inset shows the result for the simulation of
the ideal evolution applied to {psi}.
eled through a measurement matrix M that transforms
the vector of actual (without readout error) populations
{psi} = {〈i|sρs|i〉s} into observed (with readout error)
populations M{psi} (details about the experimental de-
termination of this matrix are given in [26]). In this way,
the actual populations are estimated by applying the in-
verse of M to the observed populations.
To construct the observable B = ∑16i=1−ln(psi )|i〉s〈i|
and any related passive observable F we use the ini-
tial the populations {psi}. As previously mentioned, due
to the presence of gate errors the ideal evolution U idse
coded in the software interface is effectively implemented
as a map E˜se that yields the experimental final state
Figure 3. Heat leak tests performed in the five-qubit Essex
processor. (a) We employ the qubits 0, 1, and 3 as system,
and the qubit 4 as environment. The initial mixed state is
prepared through single-qubit rotations Ry(±θi), using the
angles {θ0, θ1, θ3, θ4} = {0.3pi, 0.4pi, 0.4pi, 0.15pi} (see text and
[26]). (b) Heat leak test based on the observable F (def)5,δ ,
constructed from a passivity deformation Bdef specified in
the main text. This test detects the heat leak associated
with the circuit in (a) within three standard deviations from
∆
〈
F (def)5,δ
〉
. The inset shows the result corresponding to the
numerical simulation.
ρ′s = Tre[E˜se(ρse)] ≡ E˜s(ρs). The corresponding final dis-
tribution {p′si} is also estimated by applying the inverse
of the measurement matrix to the observed distribution.
In this way, the test Tr[F(ρ′s − ρs)] is evaluated as
∆ 〈F〉 =
16∑
i=1
f(Bi)(p′si − psi ), (4)
where Bi = −ln(psi ) and f is a nondecreasing function.
The experimental data are collected by implementing
the circuits that include the preparation and evolution
stages. We implement ten batches for each circuit, with
each batch being composed of 8192 shots.
Figure 2 presents the experimental results of a heat
leak test based on the function f3,δ(Bi) = (Bi−δ)3, which
determines the eigenvalues of the passive observable F3,δ.
The histograms in Fig. 2(a) depict the initial populations
{psi} and final populations {p′si}, given by normalized
count frequencies from a total sample of 10× 8192 shots.
The red dashed curves in Fig. 2 are obtained by plug-
ging these populations into Eq. (4). Moreover, shaded
regions in each plot stand for a confidence interval of
three standard deviations (see [26]). In Fig. 2(a) it is
shown that the test ∆ 〈F3,δ〉 yields only positive values
4when the environment is decoupled, as expected. When
the environment is coupled, Fig. 2(b) shows detection
of the heat leak with the same test, for 1.8 . δ . 2.6.
Importantly, the application of this test is motivated by
the fact that unambiguous detection (within the confi-
dence interval) is not possible with the observable F2,δ,
based on the smaller power α = 2. The corresponding
plot is provided in [26]. Moreover, for α = 1 the test
∆ 〈F1,δ〉 = ∆ 〈B〉 also fails (see Fig. 2(b)). This clearly
demonstrates a situation where global passivity outper-
forms the standard second law (2), regarding detection
sensitivity. In [26] it is also shown that for all the frac-
tional powers in the interval 0 ≤ α ≤ 4, no detection
occurs with the observables Bα.
Now we consider an experiment where passivity de-
formation outperforms both the second law and global
passivity. Passivity deformation is a method to systemat-
ically construct passive observables, by performing suit-
able transformations on the eigenvalues of B. In this work
we employ the special deformation
B → Bdef =
∑
i
β
(def)
i Hi, (5)
where β(def)i are effective inverse temperatures that guar-
antee the passivity of Bdef . Figure 3(a) illustrates the
structure of the Essex processor and the circuit used for
the implementation of the heat leak, which involves a
three-qubit system that interacts with a single-qubit en-
vironment. As explained below, detection with the test
shown in Fig. 3(b) is possible thanks to the employment
of a suitable deformation.
Due to the limited size of the Essex processor, it is
not possible to prepare the initial mixed state through
entanglement with ancillae. However, a diagonal state
of the form (1) can be prepared from an ensemble of
coherent initial states having all the same populations
in the energy basis. For the initial state ρs ⊗ ρe, we
separately prepare sixteen coherent states, correspond-
ing to different combinations of single-qubit rotations
{Ry(±θi)}i=0,1,3,4, see Fig. 3(a). The chosen rota-
tion angles are {θ0, θ1, θ3, θ4} = {0.3pi, 0.4pi, 0.4pi, 0.15pi}.
As explained in [26], by mixing these states with equal
probabilities we obtain a product of thermal states with
ground populations p(i)0 = cos
2(θi/2). In this case four
batches of 8192 shots are employed for each initial coher-
ent state and its final counterpart.
In addition to the test shown in Fig. 3(b), we con-
firmed that the heat leak is not detected with the ob-
servable B, neither with tests based on the observables
Fα,δ = (B − δI)α, for α = 2, 3, 4, 5. This difficulty is
overcome through a deformation of B, characterized by
the transformation {β0, β1, β3} → {β0, 0, β0}. The re-
sulting observable Bdef = β0(H1 + H3) is equivalent to
the total Hamiltonian of the qubits 1 and 3. As occurs
with the non-deformed observables Fα,δ, the deforma-
tion Bdef gives rise to a family of observables {F (def)α,δ } ≡
{(Bdef −δI)α}α≥0 which are passive if the shift δ is prop-
erly chosen. In Fig. 3(b) we use the same color coding
as in Fig. 2(c). Clearly, for shift values 0.8 . δ . 2.1 de-
tection takes place with the deformed observable F (def)5,δ .
In [26] we also show that if the environment is decoupled
the test ∆
〈
F (def)5,δ
〉
is positive, as expected. This pro-
vides additional evidence that the source of the heat leak
is the engineered environment interaction and not some
intrinsic imperfection in the processor.
Finally, we remark that the advantage of shifted ob-
servables and deformed observables can be understood
by explicitly writing the expansion
∆ 〈(B − δI)α〉 =
α∑
k=0
(
α
k
)
(−1)kδk∆ 〈Bα−k〉 , (6)
which is valid for α positive and integer. Since for
k odd the factor
(
α
k
)
(−1)kδk is negative, the test
∆ 〈(B − δI)α〉 can yield detection even if all the non-
shifted tests ∆
〈Bα−k〉 are positive. However, detection
also requires that more weight is given to the negative fac-
tors than to the positive ones (associated to α even). The
deformation B → Bdef provides the appropriate weights
∆
〈
Bα−kdef
〉
for this to happen, in the case of the second
circuit analyzed.
Discussion. We have experimentally shown that
changes in the expectation value of thermodynamic ob-
servables can diagnose a non-unitary operation in a quan-
tum circuit. In Ref. [22], the application of a thermo-
dynamic uncertainty relation (TUR) allows to conclude
that a quantum annealer of the D-Wave machine works
as a thermal accelerator. Given that this also indicates a
non-ideal dynamics from thermodynamic considerations,
it is convenient to point out a key difference with our
results. The TUR derived in Ref. [22] refers jointly to
the annealer and the environment, described as a cold
bath whose temperature must be estimated. Hence, the
predictions from the TUR are sound whenever the open
system dynamics can be fully characterized through the
influence of this single bath. While such approximation
can be legitimate in cases like the one studied in Ref. [22],
we remark that, since the thermodynamic constraints
considered here only involve information on the system,
they provide unambiguous detection of errors without
any prior assumptions about the mechanism generating
them.
Resource theory (RT) also provides an infinite set of
thermodynamic constraints for systems coupled to a ther-
mal bath through energy-preserving interactions [5]. In
[26] we analyze the impact of a hidden environment on
RT constraints, by considering a four-qubit system that
would evolve under an energy-preserving circuit if no en-
5vironment were present. In the same spirit of other ther-
modynamic tests, a violation of any of such constraints
would indicate the presence of the environment. The test
is performed by dividing the system into a “bath”, rep-
resented by a subsystem at fixed temperature, and the
remaining subsystem where the constraint is examined
[26]. For the studied example we show that no constraint
from RT is violated and therefore the environment is not
detected. In addition, we also show that the passive ob-
servable F7,δ yields detection. However, we remark that
a more general analysis is needed to fully understand the
detection performance of RT and other frameworks.
Conclusions. Given the broad scope of thermodynam-
ics, it is curious that most of its technological applica-
tions remain associated with the notion of heat engine
and the efficient transformation between different forms
of energy. In this work we explore an alternative applica-
tion, by experimentally showing that thermodynamic in-
equalities recently derived [23, 24] are useful for the detec-
tion of heat leaks in quantum circuits. While we consider
small size circuits, there is no fundamental limitation to
extend our results to larger devices, including quantum
computers and quantum simulators. In fact, currently
these devices can operate in regimes that are considered
extremely hard to simulate, even with the most powerful
classical supercomputers [27]. This constitutes an ap-
pealing scenario where the potential of thermodynamic
tests to make predictions with limited information could
be fully exploited. An interesting direction for future
investigations is to study the limits on sensitivity for dif-
ferent thermodynamic tests, as well as to characterize
situations where specific thermodynamic constraints may
be optimal for detection. More generally, we hope that
this work inspires further explorations into the connec-
tion between thermodynamics and other research fields
of fundamental and practical interest.
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SUPPLEMENTARY MATERIAL
S-I. DETECTOR NOISE AND
CHARACTERIZATION OF INITIAL STATES
The measurement error is modeled as follows. For a
general state ρ, resulting from the application of some
circuit to the ground state, let {pi} be the ideal popu-
lations in the computational basis, i.e. the populations
that would be obtained if the detectors were error-free.
Experimentally, there is a finite probability p(j|i) that
the state registered by the detector is |j〉, given that the
projected state (i.e. the state corresponding to the ideal
measurement) is |i〉. The conditional probabilities p(j|i)
thus encapsulate the effect of the detector noise, and yield
the total probability
qj =
∑
i
p(j|i)pi, (S1)
6with p(j|i) = δj,i for ideal detectors. This gives rise to a
measurement matrix
M ≡

p(0|0) p(0|1) · · · p(0|i) · · ·
p(1|0) p(1|1)
...
. . .
p(j|0) p(j|i)
...
. . .
 , (S2)
which relates the vectors of ideal and experimental pop-
ulations through the equality {qi} = M{pi}.
The ith column of the measurement matrix is exper-
imentally determined by preparing and measuring the
state |i〉 of the computational basis. Once M is con-
structed, the vector M−1{qi} (where M−1 is the inverse
of M) provides an estimation of the ideal populations
{pi}. In the case of the experiments implemented in
the Melbourne processor we compute independently mea-
surement matrices for the system and for the environ-
ment, by running the corresponding computational bases.
From the initial system populations {psi}, we determine
the closest state of the form ⊗12k=9ρk, where each ρk
is a diagonal qubit state. Specifically, we numerically
evaluate the minimum min⊗12k=9ρk
∥∥{psi} − ⊗12k=9ρk∥∥2, be-
ing ‖·‖2 the L-2 norm. The state that yields the min-
imum is characterized by ground (qubit) populations
p
(12)
0 = 0.612, p
(11)
0 = 0.586, p
(10)
0 = 0.611, and p
(9)
0 =
0.557, and the minimum value itself is 0.005. In ad-
dition, the inverse measurement matrix of the environ-
ment qubit yields ground population p(8)0 = p
e
0 = 0.782.
The measurement matrix associated to the Essex pro-
cessor is constructed by running the computational ba-
sis of the total system, including the three-qubit system
and the environment. After removing the detector noise
through the application of M−1, the ground qubit popu-
lations for the system and the environment are given re-
spectively by {p(0)0 , p(1)0 , p(3)0 } = {0.944, 0.652, 0.652} and
p
(4)
0 = p
e
0 = 0.806.
According to the previous results, we note that for both
processors the measured initial state can be reliably de-
scribed by Eq. (1). On the other hand, in the case of the
Melbourne processor there is an important difference be-
tween this state and the theoretical initial state, which is
coded in the software interface of the IBM quantum expe-
rience platform. The coded system state has ground pop-
ulations p(12)0 = p
(11)
0 = p
(10)
0 = 0.578 and p
(9)
0 = 0.654,
and the coded environment state has ground population
p
(4)
0 = 0.875. This is in stark contrast with the Essex pro-
cessor, where the coded system state and coded environ-
ment state are respectively characterized by populations
{p(0)0 , p(1)0 , p(3)0 } = {0.945, 0.654, 0.654} and p(4)0 = 0.793.
We attribute such a difference to the employment of cnot
gates for the preparation performed in the Melbourne
processor, which are noisier than single-qubit gates. To
overcome this technical limitation, the heat leak tests
performed with this processor are based on passive ob-
servables constructed from the measured initial state.
S-II. STATISTICAL ERROR
The uncertainty of a heat leak test quantifies the fluc-
tuations in the value of ∆ 〈F〉 for different repetitions
of the same experiment. A single experiment refers to
the implementation of two independent circuits for the
initial and final states, each of which is sampled by per-
forming a certain numberN of single-shot measurements.
In this way, the initial and final mean values 〈F〉0 and
〈F〉f are computed using the results of N shots, and
∆ 〈F〉 = 〈F〉f − 〈F〉0. The calculation of the theoreti-
cal uncertainty is simplified by taking into account that,
by construction, the initial and final distributions for the
eigenvalues of F are independent. If pi,j denotes the
probability to measure Fi (where Fi is an eigenvalue of
F) for the initial state and Fj for the final state, then
pi,j = pip
′
j , being pi the initial probability to measure
Fi and p′j the final probability to measure Fj . In this
way, the variance for a single measurement of F at the
beginning and at the end is given by
Varshot(∆F) =
∑
i,j
pi,j ((Fj −Fi)− 〈∆F〉)2
=
〈
(∆F)2
〉
− 〈∆F〉2
= Varshot(F)0 + Varshot(F)f , (S3)
where
〈
(∆F)2
〉
=
∑
i,j pi,j(Fj − Fi)2 and 〈∆F〉 =∑
i,j pi,j(Fj − Fi) = ∆ 〈F〉. The expression in the
third line is the sum of the initial variance Var(F)0 =∑
i pi(Fi − 〈F〉0)2 and the final variance Var(F)f =∑
j p
′
j
(
Fj − 〈F〉f
)2
.
From the central limit theorem, if N measurements
of F are performed at the beginning and at the end,
the variances for the corresponding mean values are the
single-shot variances reduced by a factor of 1/N . There-
fore, the theoretical variance predicted for a single exper-
iment is
Var(∆F) = Var(F)0 + Var(F)f
=
1
N
[Varshot(F)0 + Varshot(F)f ] . (S4)
The value of N for the experiments with the Melbourne
processor is NMel = 8192, i.e. the number of shots for
each preparation and evolution batch. For the experi-
ments realised with the Essex processorNEss = 16×8192,
with the factor 16 accounting for the sixteen coherent
states involved in the preparation of the initial state.
On the other hand, the experimental variances
7Varexp(F)0 and Varexp(F)f are computed as
Varexp (F)0 =
1
n− 1
n∑
k=1
(
F¯k − 1
n
n∑
k=1
F¯k
)2
, (S5)
Varexp (F)f =
1
n− 1
n∑
k=1
(
F¯ ′k −
1
n
n∑
k=1
F¯ ′k
)2
, (S6)
where F¯k and F¯ ′k are respectively the (experimental) ini-
tial and final mean values of F corresponding to the
kth batch. For the Melbourne processor, there are
n = nMel = 10 batches of 8192 shots each. For the Essex
processor, there are n = nMel = 4 batches of 16 × 8192
shots each. The total experimental variance is
Varexp(∆F) = Varexp (F)0 + Varexp (F)f . (S7)
The confidence intervals in the plots of the main text are
given by three standard deviations above and below the
mean value of ∆ 〈F〉 over all the experiments, with the
theoretical and experimental standard deviations com-
puted by taking the square root of Eqs. (S4) and (S7),
respectively.
S-III. PREPARATION OF A PRODUCT OF
THERMAL STATES BY MIXING COHERENT
STATES
Consider a mixture of two coherent states of a qubit,
ρ =
1
2
(
Ry(θ)|0〉〈0|R†y(θ) +Ry(−θ)|0〉〈0|R†y(−θ)
)
, (S8)
where Ry(θ) is a rotation of θ degrees around the y
axis in the Bloch sphere. While the states Ry(θ)|0〉 and
Ry(−θ)|0〉 have coherence in the energy basis (defined by
the igenstates {|0〉, |1〉}), the mixture (S8) is the diagonal
state
ρ = cos2
(
θ
2
)
|0〉〈0|+ sin2
(
θ
2
)
|1〉〈1|, (S9)
which represents a thermal state for θ ≤ pi2 . This is read-
ily deduced by substituting the explicit expressions
Ry(±θ)|0〉 = cos
(
θ
2
)
|0〉 ± sin
(
θ
2
)
|1〉, (S10)
into Eq. (S8).
A product of an arbitrary number N of thermal qubit
states can also be expressed as a mixture analogous to
Eq. (S8). Let ρi(θi) = cos2
(
θi
2
) |0〉i〈0|+ sin2 ( θi2 ) |1〉i〈1|
be the state of the ith qubit, and let |ψ(θ)〉i ≡ Ry(θ)|0〉i.
By writing each ρi(θi) as in Eq. (S8), we obtain
⊗Ni=1ρi(θi) = ⊗Ni=1
∑
θ=±θi
1
2
(|ψ(θ)〉i〈ψ(θ)|)
=
1
2N
[∑
θ
⊗Ni=1|ψ(θi)〉i〈ψ(θi)|
]
, (S11)
where θ = (θ1, θ2, ..., θN ) is a vector that contains the
rotation angles of all qubits, and the sum
∑
θ runs over
the 2N combinations (±θ1,±θ2, ...,±θN ) involving ±θi
rotations. The preparation in the Essex processor is per-
formed by following this method. Each coherent state
⊗4i=1|ψ(±θi)〉i is prepared by applying Ry(±θi) rotations
to the ground state of each qubit, which results in a to-
tal of 24 = 16 coherent states. In this way, the product
⊗4i=1ρi(θi) is obtained by asigning the same weight 116 to
all the coherent states, which are then mixed according
to Eq. (S11).
S-IV. ADDITIONAL HEAT LEAK TESTS
In this appendix we show the results of additional
heat leak tests, performed with the same experimental
data used in the main text. Figure S1(a) shows the re-
sult of the test ∆ 〈Bα〉, for 0 ≤ α ≤ 4, applied to the
experiments with the Melbourne processor. The mean
value of ∆ 〈Bα〉 is depicted by the red curve, and the up-
per and lower black curves are obtained by adding and
subtracting three standard deviations to the red curve,
respectively. Thus, the confidence interval is contained
within the black curves. We can see that while on aver-
age ∆ 〈Bα〉 becomes negative for α ? 3.4, the confidence
interval always contains positive values. Therefore, the
test does not provide unambiguous detection. In Fig.
S1(b) the test ∆ 〈F2,δ〉 is depicted. Importantly, for even
powers α the shift δ must be restricted to guarantee the
passivity of F2,δ, and the interval in Fig. S1(b) is chosen
accordingly. Similarly to the previous case, on average
∆ 〈F2,δ〉 becomes negative for α ? 1.6, but even for α = 2
the confidence interval still contains positive values.
Fig. S2 depicts heat leak tests corresponding to the Es-
sex processor. Figure S2(a) shows the result of the test
∆
〈
F (def)5,δ
〉
, when the environment is decoupled. The
observable F (def)5,δ is given by F (def)5,δ = (Bdef − δI)5, with
Bdef the deformed observable indicated in the main text.
Consistently with the decoupling of the environment,
∆
〈
F (def)5,δ
〉
≥ 0. Finally, Fig. S2(b) shows that the test
∆
〈
Bαdef
〉
yields unambiguous detection of the heat leak
(when the environment is coupled) for α & 6.8. However,
it is worth stressing that the employement of the shift δ
enables detection with the smaller power α = 5, as shown
in the main text. The inset indicates that if the defor-
mation is not a applied to B, no detection is possible for
any 0 ≤ α ≤ 7.
8Figure S1. Additional heat leak tests using the experimental
data of the Melbourne processor. None of these tests yields
unambiguous detection of the heat leak.
S-V. COMPARISON BETWEEN
ENVIRONMENT DETECTION USING
RESOURCE THEORY AND GLOBAL PASSIVITY
The framework of thermodynamic resource theory
(RT) is characterized by a set of inequalities that gov-
ern the behavior of microscopic systems under thermal
operations [5]. Specifically, these inequalities apply to
transformations of the form
ρs ⊗ σc → ρ′s ⊗ σc = TrrcU(ρs ⊗ σc ⊗ ρβr )U†, (S12)
where ρs is the state of the system, ρβr is the state of a
thermal bath (of arbitrary size) at inverse temperature β,
σc is the state of a catalyst, and U is an energy-preserving
unitary that acts globally in the aforementioned systems.
Energy conservation is characterized by the condition
[U,Hs +Hr +Hc] = 0, (S13)
where Hs, Hr, and Hc are respectively the Hamiltonians
of the system, the bath, and the catalyst.
The RT inequalities constitute necessary and sufficient
conditions on the final state of the system, ρ′s, in the case
where both ρs and ρ′s commute with Hs. That is, when
Figure S2. Additional heat leak tests using the experimental
data of the Essex processor. The test in (a) is performed for
the case when the environment is decoupled, and consistently
yields only positive values. For the experiments with the en-
vironment coupled, the test in (b) succesfully detects the heat
leak.
ρs =
∑
i p
s
i |i〉s〈i| and ρ′s =
∑
i p
′s
i |i〉s〈i|, being |i〉s eigen-
states of Hs. If qsi denote the eigenvalues of the thermal
state ρβs =
e−βHs
Zs
, for any transformation obeying Eq.
(S12) none of the “α-free energies”
Fα(ρs||ρβs ) = β−1[Dα(ρs||ρβs )− ln(Zs)], −∞ < α <∞,
(S14)
can increase. The quantity Dα(ρs||ρβs ) is the “α-Renyi
divergence”, defined as
Dα(ρs||ρβs ) ≡
sgn(α)
α− 1 ln
(∑
i
(psi )
α
(qsi )
1−α
)
. (S15)
In addition, if Fα(ρ′s||ρβs ) ≤ Fα(ρs||ρβs ) for all α then
there exist σc, ρβr and U such that Eq. (S12) holds [5].
Consider the initial four-qubit state prepared in the
Melbourne processor. As explained in Section S-I, the
closest product of thermal states ⊗12i=9ρi is characterized
by ground qubit populations p(9)0 = 0.557, p
(10)
0 = 0.611,
p
(11)
0 = 0.586, and p
(12)
0 = 0.612 ∼ p(10)0 . In this way, we
can have several decompositions of the form
⊗12i=9 ρi = ρs ⊗ ρβr , (S16)
9where ρβr is a thermal state with possible inverse tem-
peratures β = −ln
(
1−p(i)0
p
(i)
0
)
, i = 9, 10, 11, and ρs is the
state of the remaining qubits. Specifically, the role of the
bath can be taken by any of the qubits, or by the bipar-
tite system formed by qubits 10 and 12, which share the
same temperature. The possible decompositions are thus
⊗12i=9 ρi = ρs ⊗ ρk, (S17)
for 9 ≤ k ≤ 12, and
⊗12i=9 ρi = ρs ⊗ (ρ10 ⊗ ρ12), (S18)
with the state ρ10⊗ρ12 characterized by the inverse tem-
perature β = −ln
(
1−p(10)0
p
(10)
0
)
.
If ⊗12i=9ρi evolves under a global energy-preserving uni-
tary, any system in the decompositions (S17) and (S18)
must satisfy the RT inequalities, i.e. Fα(ρ′s||ρβs ) ≤
Fα(ρs||ρβs ) for all α. An example of such a unitary is
provided by the circuit in Fig. S3(a), consisting of only
swap gates (here Hi = |1〉i〈1| for 9 ≤ i ≤ 12 and there-
fore each swap is energy-preserving). On the other hand,
suppose that first a swap takes place between an external
qubit e, prepared in a state ρe = ρ11 (i.e. with ground
population p(e)0 = p
(11)
0 ), and the qubit 9, as illustrated in
Fig. S3(a). Since clearly this induces a non-unitary dy-
namics on the four-qubit system, our goal is to determine
if such an interference can be detected by a violation of
the form Fα(ρ′s||ρβs ) > Fα(ρs||ρβs ), for some value of α.
By looking at the total final state ⊗12i=9ρ′i we deduce that
such detection is impossible. The key observation is that
for any system in the decompositions (S17) or (S18), the
final state ρ′s is consistent with a transformation of the
form (S12). Accordingly, all the α-free energies must de-
crease or remain unchanged.
The total circuit in Fig. S3(a) transforms the qubits
9-12 into the final state
⊗12i=9 ρ′i = ρ10 ⊗ ρ11 ⊗ ρ10 ⊗ ρ11, (S19)
which means that the final state for qubits 9 and 11 is
ρ10 and the final state for qubits 10 and 12 is ρ11. For
the system defined through Eqs. (S17) and (S18), the
final system state corresponding to Eq. (S19) can also
be obtained without the interference of the environment.
Specifically, ρ′s can be generated by applying suitable
combinations of swaps and partial swaps between the
qubits 9-12, on the initial state ⊗12i=9ρ. Given that these
operations satisfy Eq. (S13) (with the identity map ap-
plied to a potential catalyst), all the RT inequalities must
hold and therefore the environment cannot be detected.
The operations are explicitly the following:
• If qubit 9 is the bath, Eq. (S19) implies that
ρs = ρ10⊗ ρ11⊗ ρ12 is transformed into ρ′s = ρ11⊗
ρ10⊗ρ11. The transformation ρ10⊗ρ11 → ρ11⊗ρ10,
Figure S3. (a) A circuit used to check if a thermodynamic
inequality of resource theory is violated due to the coupling
with the environment ρe. The initial state ⊗12i=9ρi of the total
system can be decomposed into a “bath”, and a subsystem that
should transform obeying the resource theory inequalities if
the environment were not present. The figure illustrates a
possible decomposition with the qubit 9 as bath. (b) Heat
leak test ∆ 〈F7,δ〉 applied to the total system. Detection of
the environment is observed for 2.3 . δ . 3.8.
undergone by the qubits 10 and 11, is simply a to-
tal swap between them. Moreover, the condition
p
(9)
0 < p
(11)
0 < p
(12)
0 guarantees that the transfor-
mation ρ12 → ρ11 is possible through a partial swap
between the qubit 12 and the qubit 9.
• If qubit 10 is the bath, the system transforms as
ρs = ρ9⊗ρ11⊗ρ12 → ρ′s = ρ10⊗ρ10⊗ρ11. The final
state of the qubit 9 can be achieved by swapping it
with the qubit 10. In addition, the equality p(12)0 =
p
(10)
0 implies that a swap between the qubits 11 and
12 yields the state ρ12 ⊗ ρ11 = ρ10 ⊗ ρ11.
• If qubit 11 is the bath, the system transforms as
ρs = ρ9 ⊗ ρ10 ⊗ ρ12 → ρ′s = ρ10 ⊗ ρ11 ⊗ ρ11. This
state can be achieved in two steps. First, a swap
between the qubits 9 and 10 yields ρ10 ⊗ ρ9 ⊗ ρ12.
Since now the qubit 10 has ground population p(9)0 ,
it is not difficult to check that a suitable partial
swap with the qubit 12 brings both qubits to the
state ρ11, thus completing the transformation.
• If qubits 10 and 12 are the bath, the system trans-
formation ρs = ρ9⊗ρ11 → ρ′s = ρ10⊗ρ10 is achieved
by simply swapping the system and the bath (recall
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that ρ10 = ρ12).
On the other hand, Fig. S3(b) shows that ∆ 〈F7,δ〉 < 0
for 2.3 . δ . 3.8. This implies that GP can provide
detection of a hidden environment in a situation where
tests based on the RT constraints fail to detect the heat
leak. Having said that, it is important to mention that
global passivity refers to constraints on the total system,
and not just on a subsystem as in the case of resource
theory. If the total system is very large resource the-
ory could have the advantage of requiring to evaluate its
inequalities only on a small subsystem. On the other
hand, we also note that in contrast to the global passiv-
ity constraints, the free energies of resource theory are
not observables in the sense of representing mean values
of hermitian operators. In addition, the violation of a
RT inequality can reliably diagnose the presence of the
environment as long as the evolution without the envi-
ronment is energy-preserving. Otherwise, a violation of
the RT inequalities may indicate the exchange of work,
and not necessarily the existent of a heat leak.
